The effect of supine physical exercise on ce rebral blood flow (CBF) was measured in 30 normal sub jects with the J33Xe inhalation technique, The CBF mea surements were correlated to changes in Peo2, heart rate, and blood pressure, and to cardiac output and right atrial pressure in 10 of the subjects who underwent Swan-Ganz catheterization, No significant change was found in CBF during physical exercise, although a marked increase in Partial results of this investigation were presented at the First International Symposium on Brain-Heart Relationship, 1980, Je rusalem.
Cerebral blood flow (CBF) is affected by several physiological factors, such as blood pressure, car diac output, changes in pH, Pco2, etc. (Lassen, 1959) . Within a physiological range, a moderate in crease or decrease in cerebral perfusion pressure is accom panied by reciprocal changes in cerebrovas cular resistance, resulting in a constant CBF (Lassen, 1959; Purves, 1972) . In spite of this "au toregulatory" mechanism, acute hemodynamic and metabolic changes under certain circumstances may temporarily or permanently alter cerebral cir culation (Harper, 1966; Freeman and Ingvar, 1968; Strandgaard et aL, 1976) . Physical exercise elicits a succession of physiological reactions that are known to influence CBF, such as an increase in cardiac output and mean blood pressure and a de crease in peripheral resistance (Sture-Bevegard and Shepherd, 1967) . However, in the few studies on the effect of physical effort on CBF in normal sub jects, conflicting results were found. Using the ni trous oxide method, some investigators demon strated CBF to be increased (Kleinerman and So- cardiac output, blood pressure, and right atrial pressure and a mild decrease in Peo2 were found. Cerebrovascular resistance increased by 38%, in contrast to a decrease of 33% in the peripheral vascular resistance. The factors that affect the mechanism of cerebrovascular autoregu lation during exercise are discussed. Key Words: Cardiac output-Cerebral blood flow-Cerebrovascular resis tance-Physical exercise-J33Xe inhalation technique. koloff, 1953), unchanged (Scheinberg et aL, 1954; Zobel et aL, 1965) , or even to be decreased (Klei nerman and Sancetta, 1955) , whereas with the ra dioactive labeled erythrocytes method, other inves tigators found no change (Hedlund et aL, 1962) . In view of these conflicting reports, we have studied CBF during exercise by the 133Xe inhalation tech nique in normal subjects, and correlated the changes in PC02, heart rate, cardiac output, and blood pressure to the CBF values.
PATIENTS AND METHODS
Thirty subjects are included in this study, aged 32-68 years, who suffered from chest pain. They were free from hypertension and neurological, hepatic, renal, or pulmo nary disease, as established by medical history and phys ical and laboratory examination. Ten subjects underwent Swan-Ganz catheterization during cardiac evaluation, which also included coronary arteriography; all had a normal coronary arteriogram and normal left and right ventricular functions. In the others, such extensive car diac evaluation did not seem to be indicated, as the source of the chest pain apparently was not of cardiac origin.
In all patients, CBF measurements were performed at rest and during supine bicycle ergometry. Concomitant measurements of heart rate, blood pressure, and blood Peoz were made. In 10 patients, cardiac output measure ments were also performed with the aid of a flow-directed Swan-Ganz catheter by the thermodilution method (Ganz et aI., 1971) . Every patient gave his informed consent for the study after details were explained.
Cerebral blood flow was measured by the noninvasive 13JXe inhalation technique, as developed and described in detail by Obrist et al. (1967 Obrist et al. ( , 1975 . The patient lay with the ears plugged and eyes closed on a bed equipped for supine exercising. 13JXe mixed with air (2.5 mCi/L) was inhaled for 1 min by each subject through a close-fitting face mask with a nonrebreathing system. Clearance of 13JXe from the brain was recorded for 10 min by eight pairs of NaI collimated scintillation detectors incorpo rated into an on-line computerized system. The detectors were applied externally over homologous regions of the skull, with the head relating to the probes in a standard position. The concentration of the radioisotope in the ex pired air, sampled by a thin catheter ending in the face mask and connected to a vacuum pump, was monitored by a separate detector. The end-tidal values of this air curve were used to correct the head curve for the recir culation of the inhaled radioisotope. The expired air was also monitored for CO2 content. The CBF was computed according to Risberg et al. (1975) as the initial slope index (lSI) derived from the initial slope of the clearance curves between the second and third minutes. A value of 1 was arbitrarily chosen for the blood-brain partition coefficient of 133Xe, and the lSI values are given in ml 100 gi min -i.
CBF measurement was performed at rest and after 10 min of exercise. We cannot rule out some minor head move ment during exercise. However, it is unlikely that such movements would significantly affect blood flow mea surements by individual detectors. In addition, the cal culated mean hemispheric flow used in the present study may compensate for such possible minor alterations. Cardiac output was measured by the thermodilution technique (Ganz et aI., 1971 ) with a Swan-Ganz catheter placed in the pulmonary artery by conventional methods. The cardiac output was computed (Edwards Cardiac Output Computer Model 9520) from the decrease of tem perature as measured by a thermistor at the tip of the catheter after iqjecting 10 cc cold saline to the right atrium.
The resting cardiac output was measured concomitantly with the resting CBF measurements. The catheter was left in place, and following the exercise, another cardiac output measurement was made, simultaneously with the CBF measurement. The right atrial pressure was mea sured by the catheter placed in the right atrium. The exercise test was performed on a Quinton bicycle bed for supine ergometry. The workload for every patient was individually determined as 50% of the maximal ef fort, according to a previous exercise test. The duration of the exercise test was 10 min, during which electrocar diogram, blood pressure, heart rate, and arterial Peo, were concurrently monitored.
Cerebrovascular resistance was calculated from CBF, mean right atrial pressure, and mean arterial blood pres sure values. Peripheral vascular resistance was calculated from cardiac output, mean right atrial pressure, and mean arterial blood pressure. Table 1) Heart rate
RESULTS (
The resting value ranged from 54 to 96 beats/min (mean, 72.3 ± 1.77). At the peak of exercise, it ranged from 90 to 148 beats/min (mean, 120.4 ± 2.36), an increase of 66.7%.
�ean blood pressure
The resting value ranged from 81 to 102 mm Hg (mean, 91.1 ± 0.99). At the peak of the exercise, it ranged from 114 to 145 mm Hg (mean, 127 ± 1.5), an increase of 40.4%.
Cardiac output
The resting value ranged from 3.79 to 6.72 Llmin (mean, 5.33 ± 0. 16). At the peak of the exercise, it ranged from 7.54 to 14.4 Llmin (mean, 11.1 ± 0.42), an increase of 108. 1 %.
�ean right atrial pressure
The resting value ranged from 3 to 6 mm Hg (mean, 4.3 ± 0. 16). At the peak of the exercise, it ranged from 5 to 8 mm Hg (mean, 6 ± 0.22), an increase of 39.5%.
Arterial Peo2
The resting value ranged from 33.7 to 43.7 mm Hg (mean, 38.9 ± 0.5 1). At the peak of the exercise, it ranged from 31 to 40.3 mm Hg (mean, 35.5 ± 0.63), a decrease of 8.7%.
Cerebral blood flow
The resting value ranged from 47.6 to 57.3 ml 100 g-l min-1 (mean, 50.6 ± 0.52). At the peak of the exercise, it ranged from 43. 1 to 58.0 mll00 g-l min-1 (mean, 49.8 ± 0.7), a mild decrease of 1.6% (not statistically significant). 
Cerebrovascular resistance
The resting value ranged from 1. 46 to 1.84 mm Hg/ml-1 100 g-l min-1 (mean, 1.71 ± 0.02). At the peak of the exercise, it ranged from 2. 01 to 2.69 mm Hg/ml-1 100 g-l min-1 (mean, 2.36 ± 0.03), an in crease of 38%.
Peripheral vascular resistance
The resting value ranged from 1,069 to 1,857 dynes/s-cm-5 (mean, 1,340 ± 46). At the peak of the exercise, it ranged from 643 to 1,198 dynes/s-cm-5 (mean, 89 1 ± 35.3), a decrease of 33.5%.
DISCUSSION
It is well known that the effect of physical exer cise on the systemic circulation is characterized by increases in cardiac output, pulse rate, and arterial systolic blood pressure and a decrease in the pe ripheral vascular resistance (Sture-Bevegard and Shepherd, 1967) . Unless the cerebral circulation possesses an "autoregulatory" mechanism, the blood flow to the brain and the intracranial perfu sion pressure have to increase as well. Thus, it seems to be of great interest to investigate the behavior of cerebral circulation during exercise. Scheinberg et al. (1954) found no significant change in CBF after vigorous physical exercise in normal, untrained young men, with a concomitant decrease in cere brovascular resistance. In this study, the examinee was upright on the treadmill, and the patients were exercised throughout the entire CBF measurement. Kleinerman and Sokoloff (1953) reported a signifi cant increase in CBF and a decrease in cerebrovas cular resistance after exercise in eight normal adults. Later, Kleinerman and Sancetta (1955) recorded a slight decrease in CBF after very mild exercise, which they ascribed to a decrease in arterial CO2 tension. Zobel et al. (1965) measured CBF in 13 normal patients during vigorous exercise and found no change either in CBF or cerebrovascular resis tance. All these studies made use of the nitrous oxide method introduced by Kety and Schmidt (1948) . Hedlund et al. (1962) measured CBF in four normal patients with the radioactively labeled erythrocyte method and found a mild increase during exercise. U sing the 133Xe inhalation technique for the first time and simultaneously measuring other important hemodynamic parameters, we demonstrated that al though cardiac output and mean blood pressure in creased significantly during moderate exercise, no changes were noticed in CBF, due to the concom itant increase in cerebrovascular resistance. Using the inhalation technique, in contrast to the intra arterial injection method, the inhaled isotope is washed out from extracranial tissue, leading to some contamination. Theoretically, a decreased periph eral vascular resistance during exercise might also have involved the extracranial vasculature, re sulting in increased flow within this tissue. How ever, extracranial blood flow is negligible in the cal culation of regional cerebral blood flow (rCBF) with the inhalation method, even if it has been signifi cantly increased; furthermore, we have calculated the lSI as an index for rCBF, a parameter which is predominantly weighted by fast compartment (i.e., gray matter) flow.
During exercise, several factors are encountered which may affect CBF. It is generally accepted that among them the most potent may be Pco2 (Raichle and Plum, 1972) . The decrease of 3. 4 mm Hg in Pco2, which was found in our study during exercise, would be expected to cause a decrease in CBF of 14% (according to the accepted measure of a 4% decrease of CBF for each 1 mm Hg drop in arterial Pco2). The decrease in CBF of only 2% during ex ercise points to the presence of another mechanism that raises the CBF (in our cases, by an average of 12%). This other mechanism may be due to en hanced neuronal activity and metabolic rates in brain during exercise, with secondary increases in CBF (Lassen, 1959) . Furthermore, the decrease in pH during exercise, due to lactic acidosis, may affect the lactate level in the cerebrospinal fluid (Van Vaer enberg et al., 1965) , causing acidosis, which induces vasodilatation and a consequent increase in CBF as well. However, it is doubtful whether the lO-min exercise period is sufficient for the circulating lactic acid to have its effect on the chemoreceptors of the cerebral vessels. In view of the rise of the cardiac output and blood pressure, one has to assume that the total effect of the metabolic and the hemody namic factors is a significant increase in total cere brovascular resistance, which prevents the rise of CBF during exercise. The overall effect seems to be a protective one, preventing an overshooting rise in flow to the brain.
Our conclusions are that the cerebral circulation is directly affected by metabolic and hemodynamic changes which occur as a result of muscular effort, but the net effect of physical exercise on CBF is negligible. In our investigation, moderate exercise of 50% of maximal effort did not produce any change in CBF, but there is a possibility that maximal ex ercise of a longer duration could induce deleterious effects on the blood flow to the brain. pital. This study was supported by the Joint Research Fund of the Hebrew University of Jerusalem and Ha dassah University Hospital.
